We propose and demonstrate a 2 × 2 multiple-input multiple-output (MIMO) wireless over fiber transmission system. Seamless translation of two orthogonal frequency division multiplexing (OFDM) signals on dual optical polarization states into wireless MIMO transmission at 795.5 Mbit/s net data rate is enabled by using digital training-based channel estimation. A net spectral efficiency of 2.55 bit/s/Hz is achieved.
INTRODUCTION
Hybrid optical fiber-wireless transmission systems will play an important part in the next generation usercentered access networking. This truly user-centered network will be powered by free access to services and applications enabled by seamless broadband fiber-wireless connections to various devices nearby. To realize the seamless integration of wireless and fiber-optic networks, the wireless links needs to be developed to preserve transparency to bit-rates and modulation formats.
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Orthogonal frequency division multiplexing (OFDM) is a promising candidate signal format for future hybrid optical fiber-wireless access systems. This is because of the inherent high chromatic dispersion tolerance of OFDM signals in optical fibers and its robustness against frequency selective fading or narrowband interference in wireless channels. 2, 3 More interestingly, the spectral efficiency in fiber links can be further increased by polarization multiplexing (PolMux). 4 Research on baseband PolMux OFDM transmission has been reported. 5, 6 In wireless channels, multiple-input multiple-output (MIMO) technique provides an attractive solution to increase capacity for bandwidth limited systems. 7 Meanwhile, the well-known radio-over-fiber (RoF) technology, which combines optical fiber and wireless techniques, provides a good solution to increase the coverage while maintaining the mobility of the broadband services in the local area networking scenarios. Based on these reasons, a RoF system combining optical PolMux, wireless MIMO and OFDM data format is able to fulfill the requirements of robustness, high flexibility and high spectral efficiency for providing broadband services in local networks. So far, in reported work focusing on PolMux wireless MIMO systems, only simple modulation format like on-off keying (OOK) is used.
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In addition, for multi-carrier systems like OFDM, a large computational complexity will be introduced by using the classical MIMO channel estimation method based on the butterfly structure because an adaptive filter needs to be assigned for each OFDM subcarrier. Consequently, a training-based channel estimation method has the relatively low computational complexity at the receiver 5 and draws more interests in analyzing multi-carrier systems.
In this paper, we experimentally demonstrate a proof-of-concept hybrid fiber wireless system. A PolMux 4-quadrature amplitude modulation (4-QAM) OFDM RoF signal is seamlessly translated into a 2×2 MIMO wireless transmission. By using training sequence-based OFDM-MIMO channel estimation, transmitted wireless signal in both branches are successfully demodulated and a net spectral efficiency of 2.55 bit/s/Hz is achieved. 
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TRAINING-BASED CHANNEL ESTIMATION FOR OFDM-MIMO
In optical fiber-wireless MIMO systems, accurate channel estimation is important for signal demodulation. This is because it is the prerequisite for designing the channel equalizer in the digital domain at the receiver. In particular, when a large number of sub-carriers and advanced multiplexing technique are employed, more accurate channel estimation is required. Figure 1 shows the block diagram of a wireless MIMO OFDM channel.
In our proposed PolMux-MIMO system, the total fiber-wireless channel response for a MIMO-OFDM signal can be described as:
where t x and t x respectively stands for the transmitted signal in X and Y branch, and t y and r y are the received X and Y branch signal at the receiver. The 2 × 2 matrix in the equation describes the response of the fiber-wireless MIMO channel, including both the polarization mixing in the fiber and the crosstalk during wireless transmission. To obtain the parameters in the channel transfer matrix is the purpose of the channel estimation.
In order to derive this channel transfer matrix parameters, we transmit a pair of time-interleaved training sequences
T in the OFDM signal of the two tributaries, respectively. By precisely controlling the synchronization between the two branches' signals during the fiber-wireless transmission, assuming there is no difference in the arrival time of the two transmitted signals to the receivers in the two branches, the received training sequences in two consecutive training durations can be described as in which RT x1 and RT x2 stands for the received training symbol from X branch at the first and second training durations respectively. So are the RT y1 and RT y2 for the Y branch. As these received training symbols can be directly obtained at the receiver side after transmission, the channel transfer matrix then can be easily calculated as
This training-based channel estimation method is computationally efficient because of its simple expression.
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On the other hand, when implementing this channel estimation method into practice, especially in the wireless MIMO systems, strict synchronization between the two channels is required. By using this method, the MIMO-OFDM signals demodulation algorithm can be implemented digitally.
EXPERIMENTAL SETUP
The experimental setup for the PolMux RoF plus wireless 2×2 MIMO system is shown in figure 2 . At the RoF signal transmitter, a 1.25 GSa/s arbitrary waveform generator (AWG) is used to generate two baseband real-valued 4-QAM OFDM signals with 64 sub-carriers by an up-sampling factor of 4. The OFDM signals have bandwidth of 625 MHz, corresponding to a gross data rate of 625 Mbit/s in each branch. The signals are arranged in frames of 10 symbols, out of which 3 are training symbols used for synchronization and channel estimation purpose. An cyclic prefix with 0.1 symbol length is added in each symbol. Therefore the signal in each X branch and Y branch has a net data rate of 397.7 Mbit/s. These two OFDM signals with time-interleaved training sequences are then separately up-converted to 5.65 GHz.
A narrow line width external cavity laser (ECL) with central wavelength at 1550 nm is used as the lightwave source. The output optical signal is equally divided into two optical tributaries at a 3 dB coupler. By using two Mach-Zehnder modulators (MZM) which are biased at their linear points, the two RoF OFDM signals are modulated onto the optical carriers at each of the two branches. After that, by using two polarization controllers to align the polarization states of the signals at the two branches to the X and Y inputs of a polarization beam combiner (PBC), which are designed orthogonal with each other, the two signals are polarization multiplexed at the output of the PBC. A polarization controller placing after the PBC is used for roughly controlling the polarization state of the signal. The output signal then has a net data rate of 795.5 Mbit/s and thus a net spectral efficiency of 2.55 bit/s/Hz is achieved. In fact, the spectral efficiency of this system is expected to be further increased if an AWG with a higher sample rate is employed and higher level modulation formats are to be used.
After being amplified by a booster erbium-doped fiber amplifier (EDFA), the PolMux RoF OFDM signal transmits through a 22.8 km standard signal mode fiber (SSMF). At the wireless access point, the optical signal is divided back to X and Y polarizations by a polarization beam splitter (PBS). After electrical amplification, the optical signals of these two tributaries are converted into the RF domain by two photodiodes (PD), separately, and then fed to two transmitter antennas. At the user side, two receiver antennas, placed with the same separation as the transmitter antennas, form a 2 × 2 wireless MIMO system. The received signals are then delivered to a 40 GS/s analog-digital convertor (ADC), where the analog signals are converted into the digital domain. A digital signal processing (DSP) based receiver, consisting of frequency and phase recovery, frequency down-conversion, training based MIMO-OFDM channel estimation and OFDM demodulation modules, is used to demodulate the received signals and evaluate bit error rate (BER). Figure 3 shows the tested bit-error-rate (BER) curves for the two channels' RoF signals in both optical backto-back and after 22.8 km single mode fiber transmission without any wireless through the air. Considering the FEC limit at a BER of 2 × 10 −3 , from the figure it can be seen that there is around 3 dB difference between X and Y polarization signals. This difference is attributed to the fact that the performances of the components used during the experiment, particularly the responsivity of the two photodiodes used in the two branches are different. Apart from the difference in the performance of components, we can see that the penalty between back-to-back and fiber transmission in both branches are less than 1 dB at the FEC limit. The reason for such small penalty is that at low bit rate the dispersion effect in the fiber is almost negligible. Moreover, it can also be seen from the inserts of figure 3 that the received constellations of optical signals after fiber transmission in X branch (upper) and Y branch (below) are both clear. The BER curves as a function of the received optical power at the photodiode after 22.8 km fiber for different wireless transmission distances are shown in figure 4 . From the figure we can see that both X and Y channels achieve up to 3 m wireless transmission with BER well below the FEC limit. Moreover, the power differences between the BER curves achieving FEC limit at 1 meter wireless and 2 meters wireless are smaller than the differences between 2 meters and 3 meters wireless, for both X and Y branches. We attribute this phenomena to the more accurate channel estimation when the crosstalk angle from reference angle becomes smaller, which exceeds the influence of the decreased received RF power. The constellations of received signals after 1 m wireless transmission for X and Y branches are also shown in the insert of figure 4. It can be seen that the clusters in the constellations are still clearly separated.
RESULTS
CONCLUSION
We propose an hybrid fiber-wireless system which seamlessly translate the optical PolMux OFDM signal into a wireless MIMO channel. The combination of the PolMux and MIMO technologies enables data transmission with a net spectral efficiency of 2.55 bit/s/Hz. Furthermore, a training-based scheme is digitally developed to estimate the polarization multiplexed MIMO transmission channel. A net data rate of 795.5 Mbps OFDM signal transmission over 22.8 km SMF plus 3 m wireless distance is successfully demodulated at the receiver for demonstration purpose. This experimental result is believed to be the first step in our ultrahigh capacity fiberwireless system research. Therefore, higher bit rate with larger bandwidth at higher frequency band together with more advanced modulation formats can be expected in our future works.
